Dairy ration formulation to meet protein and amino acid requirements with the National Research Council Nutrient Requirements of Dairy Cattle (NRC, 2001) model depends on accuracy of predicting feed passage rates out of the rumen. The NRC (2001) passage rate (Kp) equations were evaluated for validity and sensitivity to input variables in predicting supplies of rumen degraded protein, rumen undegraded protein, and metabolizable protein. The database used in the development of the 3 Kp equations (for dry forage, wet forage, and concentrate) was used to independently derive the 3 equations using a meta-analysis technique. To extract quantitative relationships between statistically significant input variables and rate of passage, a random coefficients model that used each study effect as a random variable was used. The database was comprised of studies that only used rare earth markers. Outliers were identified by acceptance criteria defined a priori or the difference in fit statistic (DFFITS) value; 319, 63, and 139 treatment means were used to develop the Kp equations for dry forage, wet forage, and concentrate, respectively. We found that the sign of the regression coefficient for concentrate content in diet dry matter in the equation for Kp dry forage was inverted; it should be positive. A sensitivity analysis was conducted with a spreadsheet version of the NRC (2001) model developed for this study, using the Monte Carlo technique. The sensitivity analysis indicated that all Kp predictions were the most sensitive to variation in DM intake, and thus accurate measurement of DM intake is the most important factor in predicting Kp. Predictions for protein supply (rumen degraded protein, rumen undegraded protein, and metabolizable protein) were sensitive to variability in amount of feed crude protein (CP, %DM), digestion rate (Kd) of the B fraction of feed CP (%/h), and the Kp for concentrate (%/h), due to the high proportion of dietary CP in lactating dairy rations coming from concentrates. The sensitivity analysis indicated that accurate determinations of DMI, the 
INTRODUCTION
The protein model published by the NRC (2001) is being used to update dairy ration formulation programs to improve their accuracy in predicting dietary protein and amino acid requirements to reduce nitrogen excretion and feed cost per kilogram of milk. In this model, the prediction of MP supplied by feeds in the diet depends on the prediction of feed passage rate from the rumen. The NRC (2001) published 3 new equations to predict rate of passage for dry forage, wet forage, and concentrate in dairy cattle. However, it is not possible to evaluate the adequacy of these equations in representing the published data because little documentation on their development was provided, and the equations were not evaluated.
The objectives of this study were 1) to determine the adequacy of the passage rate equations developed by the 2001 Dairy NRC, 2) to conduct sensitivity analyses to identify the most important inputs that need to be measured in applying these equations in ration formulation programs, and 3) to demonstrate the impact that the passage rate equations in the NRC (2001) model have on model predictions of RDP and RUP supplied by the diet.
MATERIALS AND METHODS

Development of the NRC (2001) Passage Rate Equations
Database Construction. The database used to develop the passage rate equations for NRC (2001) con-forages, wet forages, concentrates, and fibrous byproducts, respectively, the difference in fits statistic (DFFITS) was estimated and used as the basis for omitting outliers. Data points with absolute values of DFFITS ≥ 0.4 (a conservative value based on Neter et al., 1996) were omitted. When more than one absolute value of DFFITS was greater than 0.4, data corresponding to the largest value was omitted first, and the model was refitted to examine whether any other absolute value of DFFITS remained ≥ 0.4. The above procedure continued until no apparent outlier was observed. To prevent the erroneous removal of acceptable observations, data that previously were omitted were added back sequentially to the model and reevaluated. Without outliers, the variables eliminated previously were added and reassessed for statistical significance. After acceptable equations for predicting Kp for concentrate and dry and wet forages were obtained, they were applied to data for fibrous byproducts. Paired t-test analyses showed that the predicted mean of Kp of fibrous byproducts was significantly lower than the observed mean when the equation for predicting Kp for dry forage was used. In contrast, the predicted mean Kp of fibrous byproducts was not significantly different from the observed mean when the equation for predicting Kp of concentrates was used. Thus, data for fibrous byproducts were pooled with concentrate data and the model was refitted according to the same criteria discussed previously. The final database used to develop the passage equations for dry forage, wet forage, and concentrate feeds included 319, 63, and 139 treatment means, respectively. Descriptive statistics for the data used for predicting the passage rate for dry forage, wet forage, and concentrates are shown in Table 1 .
A random coefficient model (Littell et al., 1999) was fitted for the prediction equations generated by the procedure described above again using the MIXED procedure of SAS (SAS Institute Inc, Cary, NC) with an unstructured variance-covariance matrix. Individual study, which is fundamentally random (St-Pierre, 2001) , was treated as a random class variable. The model, thus, had a variance component of random study effect for the intercept and slope of each predictor variable. The parameter estimates show the relationship between each predictor variable and response variable (i.e., Kp independent of covariance within a study and among studies). Because no interactions between intercept and coefficients were significant, a variance structure that models a different variance component for each random effect without interactions was used to estimate the parameters. The final prediction equations were composed of solutions for the fixed effects of the predictor variables. The linear model for the random coefficient model used in this study is shown below: 
where y ij is Kp of jth observation in ith study, β 0 is the fixed effect of intercept, b * 0i is the random effect of intercept in ith study, β 1 is the fixed effect of x 1 , b * 1i is the random effect of x 1 in ith study, x 1ij is the level of x 1 (DMIpBW) on jth observation in ith study, β 2 is the fixed effect of x 2 , b * 2i is the random effect of x 2 in ith study, x 2ij is the level of x 2 (NDFF if applicable) on jth observation in ith study, β 3 is the fixed effect of x 3 , b is the random effect of x 3 in ith study, x 3ij is the level of x 3 (ConcpDM if applicable), and e ij is the unexplained random effect on jth observation in ith study. The distribution of random effect components is shown below.
The above model can be expressed in terms of a mixed model as 
where β 0 + β 1 x 1ij + β 2 x 2ij + β 3 x 3ij is the fixed effect part of the model and b * 0i + b * 1i x 1ij + b * 2i x 2ij + b * 3i x 3ij + e ij is the random effect part of the model.
Evaluation of the NRC (2001) Passage Rate Equations
Analysis 1: Sensitivity of the Passage Rate Equations to Input Variables. Sensitivity analysis of the Kp equations to input variables (BW, DMI, ConcpDM, and NDFF) were conducted using @Risk v 4.5 (Palisade Corporation, Newfield, NY). The distribution of the input variables was described by analyzing a data set that included 232 observations with only lactating dairy cows collected from the 2001 Dairy NRC database. Descriptive statistics of the input variables in this data set are shown in Table 2 . Probability distributions were fitted to the data for each variable using @Risk v 4.5 (Palisade Corp.). To select the best distribution, 3 different fit statistics (χ 2 , Kolmogorov-Smirnov, and Anderson-Darling values) were compared. The data were assumed normally distributed if all 3 goodness-of-fit tests failed to reject the null hypothesis of normal distribution; otherwise, a probability distribution, which showed the best fit among 3 tests based on the ranking, was chosen. The correlations between input variables were estimated with the 232 data points using the Spearman rank-order correlation (Agresti, 2002) . The correlation matrix is shown in Table 2 . The simulation was performed to obtain the distribution of Kp using @Risk v 4.5 (Palisade Corp.). The input variables needed to predict Kp for dry forage, wet forage, and concentrate in the simulation were sampled from each distribution using the Latin hypercube method. Iterations of the simulation were continued until less than 1% of convergence was achieved for all Kp distributions. Sensitivities of the input variables to Kp for dry forage, wet forage, and concentrate were analyzed by regression analysis using @Risk v 4.5 (Palisade Corp.). Three coefficients from standardized regression, and Pearson and Spearman rank correlations were used to rank the relative importance of input variables. The difference between Spearman and Pearson is that the Spearman method uses ranks instead of values (Neter et al., 1996) . The Monte Carlo technique, which is a statistical simulation method, has been widely used in many fields to assess uncertainty and the risk associated with using a model (Helton and Davis, 2000; Tylutki, 2002) . It involves running simulations in which inputs are assigned probability distributions and assessing the effect that the input variances have on model predictions (Frey and Patil, 2002) . Sensitivity of the model to individual inputs or groups of inputs can be evaluated by a variety of techniques (Frey and Patil, 2002) . Regression analysis, which has been widely used in many cases (Campolongo et al., 2000) , was used in this study. Three coefficients (standardized regression, Pearson correlation, and Spearman rank correlation) were used to rank the input variables as to their relative importance. The standardized regression coefficients, when input variables are independent, provide a measure of importance based on the effect of moving each variable away from its expected value by a fixed fraction of its standard (Helton and Davis, 2000) .
The correlation coefficient characterizes the effect that changing an explanatory variable by a fixed fraction of its standard deviation will have on the response variable, with this effect being measured relative to its standard deviation (Helton and Davis, 2000) . The correlation coefficient can also be obtained by regressing the response variable on an explanatory variable such as the standardized regression coefficient. However, the correlation coefficient measures the strength of the linear relationship between a response variable and a given input variable without adjustment of any effect due to correlation between the input variable and the other explanatory variables. Thus, the correlation coefficient measures the correlation between a response variable and an explanatory variable irrespective of the other independent variables. It should be noted that the 2 most commonly used indexes for assessing the sensitivity of a model to input variables measure different relationships between a response variable and a predictor variable. Therefore, careful interpretations are needed.
Analysis 2: Sensitivity of Protein Outputs Using the NRC (2001) Model for Lactating Dairy Cows to Probability Distribution of Passage Rates.
A sensitivity analysis of model predicted protein outputs (RDP, RUP, and MP) to the Kp equations was conducted using @Risk v 4.5 (Palisade Corp.). Probability distributions of Kp were fitted to the simulated data obtained from analysis 1 using @Risk v 4.5. Correlations were estimated among the simulated Kp using the Spearman rank method in the SAS package (SAS Institute, Inc.).
Only Kp for dry forage, wet forage, and concentrate were used for input distribution variables in this simulation. A spreadsheet was developed with the NRC (2001) equations to perform all the simulations of this study. A midlactation Holstein cow fed a diet consisting of legume hay, corn silage, corn grain, soybean meal, and brewers' grain was used for the simulation. The animal inputs used in this simulation are shown in Table 3 , and the diet is listed in Table 4 . The Kp values were sampled from their respective distribution (Table  5 ) using a Latin hypercube method. Iterations of the simulation were continued until less than 1% of convergence was achieved for all output distributions. Values are a percentage of total RUP in diet. 4 Fractional rate of digestion in the rumen of the B fraction of CP. 
RESULTS AND DISCUSSION
Development of the NRC (2001) Passage Rate Equations
An initial analysis of the database resulted in the same equations as reported in NRC (2001) except that the sign of the regression coefficient for concentrate where DMIpBW = DMI as a percentage of BW, ConcpDM = concentrate content of the diet, % DM, and NDFF = NDF of forage feedstuff, % DM. As shown in Table 1 , the database used to develop the equations had wide ranges in DMI, BW, and DMIpBW. Therefore, these equations are expected to cover a wide range of production situations. The passage rate equa- tions for dry forages (corrected equation), wet forages and concentrates explain 87, 86, and 91%, respectively of the variation in measured passage rates in the database used in equation development, when the observations were adjusted for random study effect. Figures 1,  3 , and 5 show the studentized residual plots of the observed and predicted Kp by fixed effects of the equations. The plots indicated there was no apparent bias and the regression models seemed to be appropriate.
To evaluate the effect of omitting outliers, the data that were originally treated as outliers and removed in the development of equations (25, 5, and 1 observations in dry forage, wet forage, and concentrates, respectively) were added back to the database and the parameters for the variables were reestimated. The equations are shown below, and the residual plots of the observed and predicted Kp by fixed effects of the equations are shown in Figures 2, 4 , and 6. where DMIpBW = DMI as a percentage of BW, ConcpDM = concentrate content of the diet, % DM, and NDFF = NDF of forage feedstuff, % DM.
Simple 2-sample tests were conducted to see if the estimates for the parameters computed without or with outliers were significantly different, assuming that the estimates were normally distributed with the mean and the standard errors of the estimates. Because omitting data points was not substantial in the equations of Kp for wet forages and concentrates, the parameter esti- mates did not significantly differ (P > 0.05), and the studentized residual plots show similar patterns (Figures 3, 4 , 5, and 6); there are some extreme values in Figures 4 and 6 . However, there were significant several techniques available to detect outliers and influential points, justification for discarding outliers is controversial and one should be careful in eliminating data points in a regression analysis (Neter et al., 1996) . Discarding outliers may overstate the precision of a model. When the outliers were included in the data set, the Kp equation for dry forage was able to explain 80% of the variation in measured passage rates in the database, when the observations were adjusted for random study effect. Meta-analysis is an analysis of data, and thus, a mean of observations is treated as an experimental unit or sometimes as a sampling unit even though they are treatment means (Sutton, 2000) , and outliers can be eliminated from the database if it is obvious that they are erroneous measurements. Because there was no direct evidence that the outliers in the database represent errors, this analysis indicates that elimination of outliers in development of Kp equations by NRC (2001) was not justified.
To evaluate the difference in predictions between the Kp dry forage equation with and without outliers, a simple simulation was conducted with the similar method described for our first analysis. The original equation underestimates Kp dry forage by 0.28%/h on average compared with the equation with outliers (Figure 7) .
There was considerable heterogeneity among the different studies in the database, including procedure, type of marker used, concentration of marker, dose and data collection site, mathematical model used to fit the curve, and technician conducting the experiment. It is also understood that observations within a given study are more correlated than observations across studies, and that accuracy of measurements within and across studies is different (St-Pierre, 2001) . Ignoring the blocking effect of studies and heterogeneity of variances results in estimates of the parameters in the regression equation that contain considerable bias (St-Pierre, 2001 ). Application of meta-analysis to remove this bias can reduce the effect of random error and so produce more reliable and precise estimates when pooling all the relevant studies (Sutton, 2000) .
Evaluation of the NRC (2001) Passage Rate Equations
Analysis 1: Sensitivity of the Passage Rate Equations to Input Variables. The distributions of input variables for the analysis were obtained from a reconstructed data set from 232 lactating dairy cows (Table  2) . Mean (± standard deviation) values of BW, DMI, ConcpDM, and NDFF of the data set were 599 (±49) kg, 20.1 (±4.1) kg, 46.7 (±14.4) %DM, and 48.4 (±7.5) %DM, respectively. Body weights and DMI were highly correlated; the Spearman rank correlation coefficient was 0.56. The other variables appeared to be independent of each other. Table 5 shows the means and standard deviations for the predicted Kp values of the ani- mals in the data set. The predicted Kp were highly correlated among themselves. Using the Spearman rank method, which is a nonparametric rank correlation procedure (Neter et al., 1996) , the highest correlation (0.922) was between the Kp for wet forage and the Kp for concentrate. The correlation coefficients of the Kp for dry forage with the Kp of wet forage and concentrate were 0.89 and 0.73, respectively. These high correlations between passage rates for the 3 feed types are because all equations have DMI as percentage BW as the most effective predictor variable. The coefficients for sensitivity of the input variables to Kp for dry forage, wet forage and concentrate (standardized regression, and Pearson and Spearman correlations) and their ranking are shown in Table 6 .
Our Monte Carlo analysis indicated that if DMI increases from 20.1 (Table 2) 13% increase). Thus, based on our analysis, the Kp for concentrate was more sensitive to DMI than the Kp for dry forage. These predicted changes in Kp values may not be correct due to the positive correlation between DMI and BW. However, the trends should be the same.
The results of the sensitivity analysis indicated that all 3 equations are much more sensitive to DMI than to any other inputs and the relationship was positive with all 3 passage rates. Assuming steady-state conditions, fractional rate of passage can be calculated by dividing rate of intake (kg/h) by pool size of rumen contents (kg). Fractional rate of passage, therefore, is linearly related to intake when pool size of rumen contents is constant. However, an increase in feed intake from a low level to a higher level does not consistently increase digesta flow if there is a compensatory increase in ruminal fill (Owens and Goetsch, 1986) . When rumen capacity is reached, a faster intake causes a faster rate of passage proportional to level of intake. Gastrointestinal capacity is linearly related to BW (Van Soest, 1994) , and thus DMI expressed in proportion to animal BW was the most important factor for determining the rate of passage of digesta out of the rumen. However, the relative importance of BW alone was not clear, based on the sensitivity analysis with different regression coefficients. The Spearman rank and the Pearson correlation methods indicated that BW was positive but was the least influential predictor among the input variables in estimating all 3 passage rates. In contrast, BW was negative and was the second most important variable based on the standardized regression coefficient. Even though the standardized regression coefficient indicated that BW had a strongly negative effect on Kp, the correlation coefficient implied that there is no linear relationship between BW and Kp. This is because the standardized regression controls all variables but the one of interest whereas correlation does not. Dry matter intake is highly correlated with passage rate but BW is not, even though DMI and BW are highly correlated. These results are consistent with correlation analysis of the observations in the original database. The Pearson correlation coefficient between the Kp for dry forage and DMI was 0.45, whereas the coefficient between the Kp for dry forage and BW was 0.13. The correlation coefficient of the Kp for wet forage with DMI was 0.76 and with BW it was 0.57. The Kp for concentrate was correlated with DMI and BW with coefficients of 0.66 and 0.35, respectively. We concluded that BW alone is not highly correlated with passage rates of undigested feed even though it is a significant and important variable in predicting rate of passage. The results of this sensitivity analysis indicated that accurate determination of DMI is the most important factor for accurate prediction of feed passage out of the rumen in the NRC (2001) increases in DMI on Kp was the highest for concentrate, intermediate for wet forage, and lowest in dry forage. This is consistent with the finding that as feed intake increases, fractional passage rate of concentrate increased more than that of roughage (Owens and Goetsch, 1986) . Concentrate particles normally have a smaller particle size and a higher specific gravity than forages (Offer and Dixon, 2000) , which increases rate of passage out of the rumen.
The NDF content of forage was a significant predictor of passage rates for dry forage in the NRC (2001) model and was shown in this study to be negatively correlated when DMIpBW and ConcpDM were already in the model. Welch (1982) observed that consumption of coarse NDF increases rumination time and thus, decreases rate of passage of forage out of the rumen. In the current equation, the degree of decrease, however, was so low that a 10% increase in NDF content of forage decreased Kp for dry forage only 0.17%. Content of concentrate in diet DM had a negative effect on concentrate passage rate and a small but positive effect on dry forage passage rate. Decreasing concentrates in diet DM increases passage rates of concentrates (Owens and Goetsch, 1986; Offer and Dixon, 2000) and this is due to increased contraction of the omasum (Grovum, 1986) by increased intake of forages. However, the effect of increased intake of concentrate proportions on passage rate of dry forage seemed to be dependent on level of intake (Offer and Dixon, 2000) . Colucci (1990) reported negative effects of increased concentrate proportions on passage rates at lower levels of intake. However, the effect became nonsignificant at higher levels of intake. In our study, concentrate content in the diet had a positive correlation with Kp dry forage even though the effect was small and biologically negligible. Dry matter intake as a percentage of BW was the only statistically 5%tile = 5th percentile; 95%tile = 95th percentile; 95% − 5% = difference between 95th and 5th percentile; and % Change = (95%tile − 5%tile)/Mean × 100. significant variable in predicting Kp of wet forage. Neither NDF content in forage nor concentrate content in diet had a significant association with fractional rate of passage of wet forage.
Analysis 2 Table 7 . The difference in predicted protein supplies between the 5th and 95th percentiles are presented to show a possible change of the values within a 90% confidence interval. The difference between them was also used to calculate the possible change within the 90% confidence interval, expressed as a percentage of the mean. As described previously, the ration used for this study consisted of legume hay, corn silage, ground corn, soybean meal, and brewers' grains. These feeds were selected because they are typical feed ingredients for lactating dairy cow diets in North America (Mowrey and Spain, 1999) . As Kp increased, RDP supply decreased and RUP supply increased. Random variation in Kp caused 215 g of variation in predicted RDP and RUP supplies and RDP balance, with a 90% probability. There was 188 g of variation in predicted MP supplies from RUP due to the variability of Kp. Consequently, MP allowable milk varied 4 kg within a 90% confidence interval. Predicted supplies of MP from bacteria were not affected by variability of Kp. This is because predicted RDP supplies were adequate in all cases and microbial CP (MCP) production in the NRC (2001) model is independent of rate of passage or digestion in such cases. In the NRC (2001) model, MCP synthesis is calculated from total digestible nutrient (TDN) intake (0.13 × TDN) as long as the RDP requirement is met. If the RDP requirement is not met, then MCP yield is calculated as 0.85 times the predicted RDP supply.
As indicated above, the only effect of the passage rate equations in the NRC (2001) amount of CP in feeds between RDP and RUP. However, higher fractional passage rates of solids (Kennedy and Doyle, 1993) and liquids (Evans, 1981a) have been shown to be associated with more efficient production of MCP per unit of DM digested, presumably because the efficiency of microbial protein synthesis is enhanced through a reduction of microbial maintenance requirements with higher turnover rates (Evans, 1981a) . This effect cannot be accounted for by the NRC (2001) model. Table 8 shows the results of the sensitivity of protein balances to Kp of each of the 3 passage rate equations. The standardized regression and correlation coefficients indicate Kp of concentrate was the most important variable in predicting protein supply in this simulation. Although the correlation coefficients indicated that the Kp for dry forage and wet forage had large variability, with the 90% confidence interval for all 5 feeds being greater than 97% of the mean value. The variability in CP (percentage change from mean value) was between 30.3% (legume hay) and 45.7% (corn), except for soybean meal where the variability was only 12.8%. These data indicate that variability of the Kd of the B fraction of feed CP is much higher than any other variable evaluated, and thus can cause variation in predictions. Distributions of predicted protein supplies after 9,200 runs to achieve less than 1% of convergence are also shown in Table 9 . Variability of CP, Kd of protein B fraction, and Kp had little or no effect on predicted supplies of MCP and requirements for RDP, RUP, and MP requirements in the model. However, 23.5 and 33.3% changes in the mean value of the RDP and RUP supplies, respectively, were observed. Consequently, the MP supply and MP allowable milk were changed 459 g and 10 kg, respectively, with a 90% confidence interval. Supply of total essential amino acids supply varied 190 g, which was 12% of the mean. Kd of the B fraction of CP (Figure 9 ). The amount of CP in feed ingredients was positively correlated with all protein supply variables. The Kd of the protein B fraction of SBM had the greatest effect on all measures of protein supply evaluated in this study (Figures 8  and 9 ). Thereafter, in order of most important to least important in predicting supply of RDP were variations in CP of legume hay, the CP content of corn, the Kd of the B fraction of CP in corn, the CP content of corn silage, the Kp of concentrates, and the Kd of the B fraction of CP in legume hay (Figure 8 ). Prediction of RUP was the most sensitive to variations in Kd of SBM (noted above), followed by the Kd of the B fraction of CP in corn, the CP content of corn, the Kp of concentrates and the Kd of the B fraction of CP in legume hay. These data indicate that the relative importance of input variables for each feed ingredient in predicting protein outputs is dependent on its content in feeds (i.e., pool size) in combination with Kd of protein B fraction and their variability. Only the Kp for concentrate was highly ranked among the input variables. The 90% probability of change in Kp in this simulation was 1.07, 1.12, and 2.54%/h for dry forage, wet forage, and concentrate, respectively. The Kp of concentrate had higher variation than the other two. This may be because it is highly dependent on random variability of DMI as a percentage of BW. When an equation contains a large coefficient for a parameter, the effect of this parameter is greatly amplified when that parameter is highly variable. For example, the parameter estimate for DMI as a percentage of BW was twice as high for the Kp of concentrate (1.375) than the Kp for dry forage (0.479) and wet forage (0.614). Higher variability of Kp of concentrate, as well as the high contribution of protein from concentrate in total dietary protein explains why the Kp of concentrate was more important than the Kp of dry and wet forages.
The results of this study indicate variation in the NRC (2001) passage rate input variables can result in much variation in predicting protein supply to lactating dairy cattle. As shown in Table 9 , a variation in MP allowable milk of 10 kg is possible due to accumulated variation in the input variables. This sensitivity analysis revealed the importance of accurate determination of CP and the Kd of the B fraction of CP of each feed ingredient, especially concentrates, and the Kp of concentrates to accurately predict protein supply and MP allowable milk production.
The results of this study also indicates that the effect of rates of protein digestion and passage of undigested feed on microbial protein production is negligible in the NRC (2001) model if diets are balanced to allow for a small surplus of RDP. For this evaluation of the model, the mean surplus of RDP was 188 g/d, with surpluses varying between 85 and 300 g/d within a 90% confidence interval (Table 7) . Thus, there was limited opportunity for RDP to be limiting and affecting synthesis of microbial protein. Nevertheless, of concern is the fact that research has shown that amino acid nitrogen may enhance microbial production (Russell and Sniffen, 1984; Griswold et al., 1996) and that faster passage rates may increase the efficiency and yield of rumen microbes (Kennedy and Murphy, 1988; Eun et al., 2004 the simple empirical representation of microbial protein production used in the NRC (2001) model (13% of TDN) will not accurately account for the dynamics of digestion and passage in the rumen in many situations.
No attempt was made to correct the current passage rate equations for any of the reported values for physical properties, and this may account for some of the lack of fit for regression equations. Physical properties, such as particle size, density, and shear factor may affect the rate of digesta flow out of the rumen. Physical reduction of the particle size of feed ingredients has been shown to alter rumen turnover rate (Evans, 1981b) . Rate of passage out of the rumen varies inversely with particle size, or with physical properties like specific gravity that are correlated with particle size within a forage (Murphy and Kennedy, 1993) . Sometimes particle density is twice as important as particle length in determining the rate of passage from the rumen (Lechner-Doll et al., 1991) . However, the lack of adequate published data and limitations in methodology to quantify physical properties make it difficult to develop equations containing these factors as input variables.
CONCLUSIONS
The 3 passage rate equations developed by the 2001 Dairy NRC Committee accurately represent the database used to develop them, with correction of the one error in the sign of a coefficient found in the Kp equation for dry forage. The procedures used to develop the parameter estimates provide quantitative relationships between the input variables and fractional rate of passage independent of study variation. Prediction of Kp is more sensitive to DMI than any other variable, making its determination the most important in predicting rate of passage. Prediction of MP supply to lactating dairy cows is more sensitive to variation in the Kd of the B fraction of CP, the content of CP, and the Kp of concentrates than the same variables in forages. Regression of observations, adjusted for study effect, against predictions for input variables indicated that the equations are appropriate to predict rate of passage. However, it is likely that equations that improve predictions of passage rates could be developed by using appropriate techniques to analyze all passage rate data obtained from the use of both rare earth and chromium mordant as a marker. Development of equations using a random coefficient model may inflate unexplainable error by adding more random variables, while ability of input variables to explain the variation in observations remains the same. To explain more variation in Kp with predictor variables, other input variables that account for physical property of particles need to be incorporated into the model.
